Prions are proteins that adopt alternative conformations, which become self-propagating. Increasing evidence argues that prions feature in the synucleinopathies that include Parkinson's disease, Lewy body dementia, and multiple system atrophy (MSA). Although TgM83 +/+ mice homozygous for a mutant A53T α-synuclein transgene begin developing CNS dysfunction spontaneously at ∼10 mo of age, uninoculated TgM83 +/− mice (hemizygous for the transgene) remain healthy. To determine whether MSA brains contain α-synuclein prions, we inoculated the TgM83 +/− mice with brain homogenates from two pathologically confirmed MSA cases.
Prions are proteins that adopt alternative conformations, which become self-propagating. Increasing evidence argues that prions feature in the synucleinopathies that include Parkinson's disease, Lewy body dementia, and multiple system atrophy (MSA). Although TgM83 +/+ mice homozygous for a mutant A53T α-synuclein transgene begin developing CNS dysfunction spontaneously at ∼10 mo of age, uninoculated TgM83 +/− mice (hemizygous for the transgene) remain healthy. To determine whether MSA brains contain α-synuclein prions, we inoculated the TgM83 +/− mice with brain homogenates from two pathologically confirmed MSA cases.
Inoculated TgM83
+/− mice developed progressive signs of neurologic disease with an incubation period of ∼100 d, whereas the same mice inoculated with brain homogenates from spontaneously ill TgM83
+/+ mice developed neurologic dysfunction in ∼210 d. Brains of MSA-inoculated mice exhibited prominent astrocytic gliosis and microglial activation as well as widespread deposits of phosphorylated α-synuclein that were proteinase K sensitive, detergent insoluble, and formic acid extractable. Our results provide compelling evidence that α-synuclein aggregates formed in the brains of MSA patients are transmissible and, as such, are prions. The MSA prion represents a unique human pathogen that is lethal upon transmission to Tg mice and as such, is reminiscent of the prion causing kuru, which was transmitted to chimpanzees nearly 5 decades ago.
neurodegeneration | bioluminescence imaging | seeding | proteinopathies I ntracellular protein deposits containing aggregated α-synuclein are the predominant neuropathological feature of three human neurodegenerative diseases: Parkinson's disease (PD), dementia with Lewy bodies (DLB), and multiple system atrophy (MSA). MSA includes the diseases previously referred to as Shy-Drager syndrome, olivopontocerebellar atrophy, and striatonigral degeneration (1, 2) . Patients with MSA typically develop signs of parkinsonism such as muscle rigidity and tremor, cerebellar dysfunction including ataxia, as well as autonomic nervous system deficits. In MSA brains, argyrophilic protein deposits in oligodendrocytes are often referred to as glial cytoplasmic inclusions (GCIs) (3) . Whereas neurons containing Lewy bodies composed of aggregated α-synuclein are the hallmark of PD and DLB, GCIs containing aggregated α-synuclein are pathognomonic of MSA (4) (5) (6) . Transgenic (Tg) mice that overexpress wild-type (WT) human α-synuclein specifically in oligodendrocytes develop GCIlike α-synuclein deposits and exhibit loss of oligodendrocytes and neurons (7) , suggesting a causal role for α-synuclein aggregates in MSA.
It is becoming increasing clear that many human neurodegenerative diseases are caused by the self-propagation of alternative protein conformations that are β-sheet rich and have a propensity to aggregate (8, 9) . These characteristics are indistinguishable from those of prions, and like prions, these pathogenic proteins exhibit progressive spread from one region of the CNS to another (10) . Many features of prions were first described for the protein that causes scrapie in sheep and Creutzfeldt-Jakob disease (CJD) in humans. In these diseases, misfolded prion protein (PrP) induces the conformational conversion of normal cellular PrP (PrP C ) into a disease-causing isoform (PrP Sc ) (11) . The prion nature of Aβ has been described for Alzheimer's disease (12, 13) . Importantly, a different protein causes each distinct group of neurodegenerative diseases after it undergoes transformation into a prion.
Evidence is mounting that α-synuclein aggregates can become prions. In PD, α-synuclein aggregates are first observed in the brainstem and then spread to more cortical regions of the brain (14) , indicative of a prion-like spread of protein aggregation. Furthermore, Lewy bodies were found in fetal substantia nigra tissue that had been grafted into the striatum of PD patients ∼10 y earlier, suggesting a host-to-graft spreading of α-synuclein aggregates (15) (16) (17) . Numerous studies have also demonstrated cellto-cell transmission of soluble or aggregated α-synuclein both in cultured cells and in mouse brains, resulting in α-synuclein aggregation and neuronal dysfunction in the recipient cells (18) (19) (20) (21) . Recently, it was demonstrated that intracerebral inoculation of Tg mice expressing human α-synuclein containing the familial PD-associated A53T mutation, denoted TgM83 +/+ mice (22) , with either brain homogenate from aged, spontaneously ill TgM83 +/+ mice or preformed amyloid fibrils composed of recombinant α-synuclein, resulted in clinical and pathological signs of neurologic dysfunction in the inoculated mice (23, 24) . These results argued for a prion-mediated induction of disease; however, the transmissions were performed in TgM83 +/+ mice, which ultimately developed spontaneous neurologic dysfunction, contending that this phenomenon may be more akin to disease acceleration rather than true de novo induction. Inoculation of WT mice with recombinant α-synuclein fibrils resulted in the induction of Lewy body-like α-synuclein deposition as quickly as 90 d postinoculation (25) , whereas inoculation of WT mice with DLB brain extract resulted in only minor deposition of α-synuclein after 450 d (26) .
To investigate whether α-synuclein aggregates in the brains of synucleinopathy patients initiate disease when inoculated into Tg
Significance
Multiple system atrophy (MSA) is a neurodegenerative disorder characterized by the accumulation of misfolded α-synuclein protein in glial cells within the brain. Transgenic mice expressing mutant α-synuclein that were inoculated with brain homogenate from MSA patients developed clinical, biochemical, and pathological signs of a neurodegenerative disease, indicating that MSA is transmissible under certain conditions. This transmissibility is reminiscent of the human prion disorders, such as Creutzfeldt-Jakob disease, and suggests that MSA is caused by the accumulation of toxic α-synuclein prions in the brain.
mice, we used hemizygous TgM83
+/− mice expressing lower levels of α-synuclein and that do not develop signs of spontaneous neurologic illness. Intracerebral inoculation of these mice with brain homogenate from MSA patients resulted in the induction of a rapidly progressive synucleinopathy characterized by clinical signs of neurologic dysfunction and deposition of aggregated α-synuclein in the brain. This de novo induction of disease in inoculated mice provides compelling evidence that α-synuclein prions are present in the brains of MSA patients.
Results

TgM83
+/+ mice homozygous for a mutant A53T human α-synuclein transgene exhibit signs of spontaneous neurologic dysfunction beginning at ∼240 d of age (22) . We crossed homozygous TgM83 +/+ mice with Tg(Gfap-luc) reporter mice (27) :Gfap-luc) mice developed signs of spontaneous neurologic dysfunction, including ataxia, dysmetria, bradykinesia, and circling behavior, beginning at ∼320 d of age ( Fig. 1A and Table 1 ).
In sequential extraction experiments using a series of buffers with increasing ability to solubilize proteins, brains from aged (389-and 549-d-old), spontaneously ill Tg(M83 +/+ :Gfap-luc) mice contained large quantities of SDS-and formic acid-extractable human α-synuclein, including oligomeric and aggregated species that exhibited lower electrophoretic mobilities (Fig. 1B) . In contrast, no formic acid-extractable and little SDS-extractable human α-synuclein was observed in 629-d-old asymptomatic Tg(M83 +/− :Gfap-luc) mice. Because the primary pathologic α-synuclein species is phosphorylated at codon S129 (28), we also examined phosphorylated α-synuclein deposition in the brain. Abundant deposits of phosphorylated α-synuclein were observed in the reticular formation and brainstem in spontaneously ill Tg(M83 +/+ :Gfap-luc) mice, but not in 629-d-old asymptomatic Tg(M83 +/− :Gfap-luc) mice ( Fig. 1 C-F ). Elevated levels of glial fibrillary acidic protein (GFAP) staining, indicative of astrocytic gliosis, as well as increased staining of Iba1, which is a marker of activated microglia, were also observed in the brainstems of spontaneously ill Tg(M83 +/+ :Gfap-luc) mice but not in asymptomatic, aged Tg(M83 +/− :Gfap-luc) mice (Fig. S2 ). Previously, we demonstrated that neurodegeneration can be monitored in living mice by performing bioluminescence imaging (BLI) on the brains of Tg(Gfap-luc) mice (29, 30) . In these mice, neurodegeneration triggers reactive astrocytic gliosis, resulting in a concomitant increase in Gfap transcription, which can be quantified using BLI. To determine whether the kinetics of α-synuclein deposition in the brain could be tracked using BLI, we analyzed bigenic Tg(M83:Gfap-luc) mice throughout their life span. Spontaneously ill Tg(M83 +/+ :Gfap-luc) mice exhibited a significant increase in the brain BLI signal compared with young asymptomatic Tg(M83 +/+ :Gfap-luc) mice (Fig. 1G ). On average, the BLI signal began to increase in Tg(M83 +/+ :Gfap-luc) mice ∼1 mo before the onset of clinical symptoms, indicating that astrocytic gliosis is a relatively late marker of disease in these animals. In Tg(M83 +/− :Gfap-luc) mice, the brain BLI signal remained unchanged throughout the life span of the animals and was not significantly different from Tg(Gfap-luc) mice (Fig. 1G) . Because of the lack of spontaneous clinical signs of neurologic illness and the absence of α-synuclein deposits in the brains of aged Tg(M83 +/− :Gfap-luc) mice, we conclude that Tg(M83 +/− :Gfap-luc) mice do not develop a spontaneous synucleinopathy.
We sought to determine whether the brains of MSA patients contain α-synuclein aggregates that could transmit disease to bigenic Tg(M83 +/− :Gfap-luc) mice. Therefore, we inoculated these mice intracerebrally with brain homogenates prepared from two MSA patients (cases i and ii). Both brains contained abundant GCIs within oligodendrocytes that were immunopositive for α-synuclein (Fig. S3 ). As a negative control, we inoculated the bigenic mice with brain homogenate from an age-matched, nonneurodegenerative disease patient. As a positive control, we inoculated the mice with brain homogenates generated from two TgM83 +/+ mice that developed spontaneous illness at 270 and 330 d of age. SDS-and formic acid-extractable, phosphorylated human α-synuclein protein was found in both the MSA and :Gfap-luc) mice (**P < 0.01) or aged Tg(M83 +/− :Gfap-luc) mice (***P < 0.001), whereas levels were not significantly different (n.s.) between aged Tg(M83 +/− :Gfap-luc)
and Tg(Gfap-luc) mice.
+/+ inocula but not the control inoculum; notably, the levels of formic acid-extractable, phosphorylated α-synuclein were much higher in the TgM83 +/+ samples than in the MSA cases ( Fig. 2A) . We monitored injected mice and uninoculated controls by observing clinical signs of neurologic dysfunction as well as by BLI. Bigenic mice inoculated with brain homogenates prepared from spontaneously ill TgM83 +/+ mice began to exhibit clinical signs of neurologic dysfunction, including ataxia, circling behavior, weight loss, proprioceptive deficits, dysmetria, and paralysis, beginning at ∼160 d postinoculation (Fig. 2B) . All of the inoculated bigenic mice succumbed to disease with a mean incubation period of 216 d ( Table 1 ). The brain BLI signal began to increase at ∼140 d in the bigenic mice inoculated with brain homogenates from ill TgM83 +/+ mice but remained low in age-matched, uninoculated animals (Fig. 2C) . Remarkably, MSA-inoculated bigenic Tg(M83 +/− :Gfap-luc) mice began to exhibit signs of neurologic illness, most commonly ataxia and circling behavior, beginning at ∼90 d postinoculation (Fig. 2B) . Despite the absence of the A53T α-synuclein mutation in the MSA brains, the mean incubation periods for the MSA samples in Tg(M83 +/− :Gfap-luc) mice were significantly shorter than those for the TgM83 +/+ brain samples (P < 0.05; Table 1 ). MSA case ii exhibited more α-synuclein-containing GCIs and formic acid-extractable, phosphorylated α-synuclein (Fig. S3 and Fig. 2A) , potentially explaining the shorter mean incubation period for this sample compared with MSA case i. None of the bigenic mice inoculated with control brain homogenate developed signs of disease for up to 1 y postinoculation (Fig. 2B and Table 1 ). Additionally, MSAinoculated mice exhibited higher brain BLI signals compared with control-inoculated animals (Fig. 2D) . We conclude that the brains of MSA patients contain α-synuclein prions that were capable of rapidly transmitting disease to Tg(M83 +/− :Gfapluc) mice.
Next, we determined whether α-synuclein in the brain homogenates of clinically ill inoculated mice was insoluble. Levels of detergent-insoluble phosphorylated α-synuclein were ∼12-to 14-fold higher in Tg(M83 +/− :Gfap-luc) mice inoculated with TgM83 +/+ brain homogenate compared with age-matched, uninoculated controls ( Fig. 3 A and B) . Similarly, insoluble phosphorylated α-synuclein levels were ∼10-fold higher in the MSA-inoculated Tg(M83 +/− :Gfap-luc) mice compared with asymptomatic, control-inoculated animals ( Fig. 3 C and D) . Detergent-insoluble phosphorylated α-synuclein oligomers were also observed in bigenic mice inoculated with brain homogenates prepared from either TgM83 +/+ mice or MSA patients ( Fig. 3 A and C) . We also performed sequential extractions on brain homogenates from uninoculated and inoculated Tg(M83 +/− :Gfap-luc) mice. SDS-and formic acidextractable phosphorylated α-synuclein, including oligomeric species, were found in the brains of bigenic mice inoculated with TgM83 +/+ or MSA brain homogenates, but not in the brains of age-matched, uninoculated mice or in control-inoculated mice (Fig. 3E) . *n, number of ill mice; n 0 , number of mice observed/inoculated. When the brains of ill Tg(M83 +/− :Gfap-luc) mice inoculated with TgM83 +/+ or MSA brain homogenates were examined neuropathologically, widespread deposits of phosphorylated α-synuclein were found throughout the brain (Fig. 4, center and right columns) . Although small numbers of deposits were observed in the cortical layers of the brain, the largest concentration of α-synuclein deposits was located in the subcortical regions of the midbrain as well as in the brainstem. Deposits were found in both the cell bodies of neurons as well as in neuronal processes, and there was no discernible difference between the brains of bigenic mice inoculated with TgM83 +/+ or MSA brain homogenates. In contrast, no phosphorylated α-synuclein deposits were found in any of the control-inoculated animals at 362 d postinoculation (Fig. 4, left  column) . Although phosphorylated α-synuclein deposits in the inoculated Tg(M83 +/− :Gfap-luc) mice were found in similar brain regions where deposits were found in spontaneously ill Tg(M83 +/+ : Gfap-luc) mice (most notably the brainstem and reticular formation), the Tg(M83 +/− :Gfap-luc) mice inoculated with TgM83 +/+ or MSA brain homogenates also showed phosphorylated deposits in more frontal regions of the brain, including the striatum, motor cortex, and the thalamus. Levels of astrocytic gliosis and activated microglia were also strongly increased in bigenic mice inoculated with TgM83
+/+ or MSA brain homogenates compared with control-inoculated animals (Fig. S4) .
To determine the protease resistance of the induced α-synuclein deposits, we digested brain homogenates from clinically ill inoculated Tg(M83 +/− :Gfap-luc) mice with proteinase K (PK). Similar to spontaneously ill Tg(M83 +/+ :Gfap-luc) mice, bigenic mice inoculated with TgM83 +/+ or MSA brain homogenates also showed insoluble, phosphorylated, but PK-sensitive α-synuclein in their brains (Fig. S5) . Collectively, these results demonstrate that inoculation of Tg(M83 +/− :Gfap-luc) mice with brain homogenates from MSA patients induced a synucleinopathy characterized by clinical signs of neurologic dysfunction as well as deposition of protease-sensitive α-synuclein aggregates in the brain.
Discussion
In the studies reported here, we demonstrate that a fatal synucleinopathy can be initiated in Tg(M83 +/− :Gfap-luc) mice that do not spontaneously develop a neurologic illness, by intracerebral inoculation with brain homogenate from MSA patients. These results parallel recent reports describing the induction of α-synuclein deposits and dopaminergic neuron loss, but not overt clinical signs of neurologic dysfunction, in non-Tg mice following inoculation with recombinant α-synuclein fibrils (25, 26) . Our study reveals that self-propagating, transmissible α-synuclein aggregates (i.e., α-synuclein prions) are formed not just in Tg mice that overexpress mutant α-synuclein, but also in the brains of individuals with a degenerative synucleinopathy such as MSA.
Despite the predilection for oligodendrocytic deposition of α-synuclein in MSA, we did not observe appreciable levels of phosphorylated α-synuclein deposition in oligodendrocytes within the brains of MSA-inoculated bigenic mice. This observation suggests that additional human brain-specific factors may be responsible for encoding the oligodendrocyte-specific tropism of α-synuclein aggregates in MSA. However, a more simple explanation is that the heterologous Prnp promoter that drives mutant α-synuclein expression in TgM83 mice does not engender a native spatial pattern of α-synuclein expression. This difference may preclude deposition in mature oligodendrocytes, which do not express α-synuclein mRNA (31) . Inoculation of Tg mice expressing A53T mutant human α-synuclein under the control of the SNCA promoter or even non-Tg mice with MSA brain homogenate may help to resolve this issue.
Although some investigators prefer to use alternate terms to describe the recently recognized "prion" proteins involved in PD, Alzheimer's disease, and the tauopathies, the shared features of these protein-mediated degenerative diseases are becoming progressively more apparent. Some terms suggested to distinguish self-propagating Aβ, tau, and α-synuclein aggregates from those composed of PrP include "prion-like protein aggregates," "transmissible proteins," "templated proteins," "prionoids," "proteopathic seeds," "misfolded proteins," and "protein pathogens" (32, 33) . However, we believe that α-synuclein aggregates fulfill all of the criteria for being labeled a prion. First, brain homogenates prepared from MSA patients or spontaneously ill TgM83 +/+ mice containing abundant α-synuclein deposits induce the deposition of insoluble α-synuclein in the brains of recipient Tg(M83 -and MSA-inoculated mice. For all immunoblots, S129-phosphorylated α-synuclein was detected using the antibody EP1536Y.
24)]. Third, disease can be initiated by recombinant α-synuclein that had been polymerized into fibrils (24), indicating that α-synuclein aggregates, like PrP (34) , are sufficient to induce disease. Fourth, transmission of a degenerative synucleinopathy can occur in animals that do not develop spontaneous illness within their normal lifespan [ Figs. 1 and 2 (25, 26) ], ruling out disease acceleration as a mechanism of transmission. Together, these data mount a compelling case for α-synuclein aggregates in the brains of MSA patients as being prions.
Although α-synuclein aggregates are clearly capable of behaving like prions at the molecular level, there is currently no evidence to suggest that MSA or the other human synucleinopathies are transmissible between humans, in contrast to CJD, which can be transmitted through the use of PrP Sc -infected dura mater grafts or growth hormone preparations (35) as well as the reuse of PrP Sc -contaminated neurosurgical instruments (36) . It is currently unknown whether α-synuclein prions can attach to surgical instruments and to what extent they may persist following sterilization. Although attempts to transmit PD to monkeys by intracerebral inoculation were unsuccessful (37), our transmission data suggest that caution should be exercised when reusing neurosurgical instruments that have been previously used on suspected cases of MSA or PD to minimize any risk for iatrogenic transmission of the disease. Although deep brain stimulation is not commonly used to treat MSA patients, its increasingly wide use to control dyskinesias often found in many patients with advanced PD requires surgical implantation (38) and, as such, may represent a potential risk for human-to-human transmission of α-synuclein prions.
The rapid transmission of the MSA inocula, compared with TgM83 +/+ samples, in Tg(M83
:Gfap-luc) mice was surprising for two reasons. First, the MSA samples do not harbor α-synuclein with the A53T mutation, which is present in the TgM83 line. For PrP Sc prions, even a single amino acid mismatch between PrP Sc in the inoculum and PrP C in the host can dramatically prolong the disease incubation period (39) . Thus, there does not appear to be a substantial "transmission barrier" between the WT α-synuclein aggregates present in the MSA inocula and the A53T mutant α-synuclein present in the mice. Second, the levels of insoluble phosphorylated α-synuclein were much lower in the MSA brains than in the brains of the spontaneously ill TgM83
+/+ mice used as inocula. This observation could suggest that the most infectious α-synuclein species may consist of smaller, more soluble assemblies, as has been observed for PrP Sc and Aβ prions (40, 41) . However, a more likely explanation for the rapid transmission of MSA prions is that these α-synuclein aggregates constitute a distinct "strain" of prion from the aggregates found in spontaneously ill TgM83 +/+ mice. In prion disease, distinct strains are believed to result from conformational differences in PrP Sc (42, 43) . Indeed, conformationally distinct "strains" of recombinant α-synuclein aggregates that possess varying ability to initiate tau aggregation have recently been identified (44) . Thus, the α-synuclein aggregates found within oligodendrocytes in the brains of MSA patients may be conformationally distinct from those found in the brains of TgM83 +/+ mice, engendering distinct transmission properties. The rapid transmissibility of the MSA strain of α-synuclein prions may reflect the fact that the α-synuclein aggregates are not sequestered in Lewy bodies, which may constitute a protective mechanism to limit the spread of a distinct group of strains of α-synuclein prions in PD and DLB.
The successful transmission of MSA prions to Tg(M83
:Gfapluc) mice described herein represents a unique human neurodegenerative disease that demonstrates lethality upon transmission to animals and is reminiscent of the transmission of kuru, CJD, and related diseases to nonhuman primates (45, 46) . Although Aβ and tau prions derived from the brains of Alzheimer's disease or tauopathy patients, respectively, stimulate prion formation as detected by protein aggregation and deposition upon inoculation into susceptible Tg mice, neither induces overt signs of neurologic disease nor lethality in the recipient animals (12, 47) . Importantly, MSA-inoculated bigenic mice may comprise a reliable system for assessing the therapeutic efficacy of drugs designed to target the formation of α-synuclein prions.
Materials and Methods
Additional methods are provided in SI Materials and Methods.
Human Tissue Samples. Frozen brain tissue samples of two neuropathologically confirmed cases of the parkinsonian subtype of MSA ("MSA-P") were supplied by the Parkinson's United Kingdom Tissue Bank at Imperial College. Tissue samples were obtained from the basal ganglia. Case i was prepared from an 86-y-old male (disease duration, 8 y) and case ii from a 71-y-old male (disease duration, 5.5 y). Both cases were characterized by the abundant deposition of α-synuclein in oligodendrocytes and neurons in the absence of classical Lewy bodies. No significant deposition of phosphorylated tau or Aβ was observed in either case. Control brain tissue was obtained from the frontal cortex of a 79-y-old male who did not exhibit any clinical or pathological signs of a neurodegenerative disease. The three brains contained equal amounts of soluble human α-synuclein.
Mice. Homozygous TgM83
+/+ mice, which express human α-synuclein with the A53T mutation under the control of the mouse prion protein promoter (22) as well as endogenous mouse α-synuclein, were purchased from The Jackson Laboratory. Tg(Gfap-luc) mice, which express firefly luciferase (luc) under the control of the murine Gfap promoter (27) :Gfap-luc) mice were anesthetized with isoflurane, and then inoculated in the right parietal lobe with 30 μL of the 1% brain homogenate (∼30 μg of total protein) using a 27-gauge syringe. Mice were assessed daily for routine health and checked three times weekly for the presence of signs of neurologic illness. Mice were euthanized when two or more neurologic signs were apparent, using the standard diagnostic criteria for assessing prion disease in mice. Brains were then removed and bisected along the midsagittal plane. The left (contralateral) hemisphere was snap-frozen on dry ice for biochemical analyses, and the right (ipsilateral) hemisphere was fixed in formalin for neuropathology.
